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Abstract 
Background: Healing bone involves osteoconductive and osteoinductive components as well as a scaffold with 
adequate porosity to allow good cell infiltration. 
Materials and Methods: Herein, cytocompatibility and osteogenic induction potential of polycaprolactone 
(PCL) nanofibrous electrospun scaffold with different electron microscopy, MTT assay, DAPI and alizarin 
porosities (35%-90%) and chemical bonding was assessed through scanning red S staining, calcium content and 
alkaline phosphatase assay. Moreover, the relative expression of three important osteogenic-related genes Col I, 
RUNX 2 and osteocalcin was studied. 
Results: Covalent bonding played a more significant osteogenic role in scaffolds in scaffolds with lower 
porosity, namely H35cov. Although low porosity limits cell infiltration, substrate with lower porosities were 
easier to handle. On the other hand, substrates with higher porosity showed higher levels of cell proliferation, 
mineralization as well as osteogenic differentiation. 
Conclusion: Results indicated that PCL scaffold with higher porosity degree up to 90%, covalently functionalized 
by collagen, and hydroxyapatite nanoparticles was a good candidate for bone tissue engineering applications.  
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Introduction 
Several methods have been used to fabricate 3D 
porous scaffolds to mimic extra cellular matrix, 
including salt-leaching, freeze-drying, phase 
separation, self-assembly and gas forming However, 
the majority of these scaffolds fabricated do not 
sufficiently mimic the structure and function of bone 
ECM1,2. 
Electrospinning as a widely used method to design and 
fabricate scaffolds   biomimicing the structure of 
ECM2, has been considered as the most reliable and 
affordable method to fabricate continuous fibrous 
structures. Characteristics such as high surface area to 
volume ratio, high porosity and highly interconnected 
pores made electro-spun structures particularly 
conducive to cellular adhesion and growth. A wide 
range of natural polymers have been successfully 
electro-spun into fibrous scaffolds, however 
biodegradable and biocompatible synthetic polymers 
are preferred to be used as scaffolding materials due to 
their higher processing potential, mechanical strength 
and reproducible mechanical-chemical properties3. On 
the other hand, fabricating hybrid nanofibrous 
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substrates has also gained widespread interest by 
taking advantages of the biological property of the 
natural polymer and the mechanical property of the 
synthetic polymer4. Nevertheless, electro-spun 
scaffolds regularly show tightly packed layers of 
nanofibers with dense morphologies and limited pore 
sizes, which limits the nanofibrous structure to a 
simple 2D surface scaffold. Such nanostructure 
inhibits cell infiltration and growth through the 
substrate2. The pore sizes of the scaffolds need to 
supply cells with sufficient mechanical strength for 
significant stability and space as well as the delivery 
of nutrients and oxygen to the seeded cells within the 
scaffold to regenerate tissue5.  
Numerous approaches with some degree of favorable 
result to overcoming the inadequate porosity of 
electro-spun nanolayers have been studied. These 
methods include; fabrication of micro-nano structured 
porous scaffolds6-10. variation in electrospinning 
parameters11-17, wet electrospinning17-19, combining 
electrospinning with cell spraying20, porogens 
incorporation21-24, increasing fiber diameter11,25,26. 
Polycaprolactone (PCL) is one of the most frequently 
utilized; bioresorbable FDA approved synthetic 
biopolymers in tissue engineering scaffolding fields 
for its better processing and mechanical features as 
well as biocompatibility. However PCL shows a 
variety of drawbacks, such as intrinsic hydrophobic 
nature, poor interaction with the biological fluids, 
deficient cell adhesion and subsequent proliferation3,4.  
Concerning the morphology and structure of the 
substrate, biomimetic scaffolds must be tailored 
having high porosity and interconnected pores of 
several hundreds of microns, facilitating cell 
colonization and de-novo ECM biosynthesis. 
Nevertheless, in biological tissues, the ECM is 
furthermore composed of a complex merging network 
of protein fibers, mostly collagen and elastin, ranging 
from 10 to several hundreds of nanometers. Surface 
modification as a clear and practical approach is used 
to enhance the biocompatibility of the substrates27. 
Both collagen (Col-1) and hydroxyapatite (HA) have 
earned merit as bone regenerating scaffolds through 
their excellent biocompatibility with hard tissues, high 
osteoconductivity, osteoinductivity supplying 
osteogenic cells with reservoir of calcium and 
phosphate ions28. 
A novel perspective to medicate bone defects requires 
using osteoconductive and osteoinductive 
biocompatible materials containing bioactive modules 
to boost cell migration and cell transplantation29.  
To the best of our knowledge, very few studies have 
reported about fabricating an electrospun scaffold 
which has the advantages of porosity and combination 
of organic and inorganic component. In this study, we 
electrospun a nanofibrous scaffold which benefits both 
the interconnected porosity and presence of collagen 
type 1 and HA nanoparticles. Furthermore, the 
biological and mechanical assessments were carried 
out. 
Methods 
Electrospinning: Three types of fibrous scaffolds were 
prepared by electrospinning as is briefly described here: 
a solution of 12wt% PCL (Mw 80 KDa,Sigma) and 
10wt% poly ethylene oxide (Mv 400,000 KDa, Sigam) 
and  was prepared by adding the polymer palettes to a 
mixture of dimethylformamide and chloroform at a 
ratio of 2:8 and ethanol 90%(v/v) (Merck)  respectively. 
The solution was loaded to a disposable syringe into a 
disposable syringe. Electrospinning was carried out for 
8 hours by using a voltage of 24 KV, at a flow rate of 
0.5 mL/h and working distance of 22 cm. PEO 
electrospinning was carried out using a voltage of 13 
KV, working distance of 22 cm and at flow rate of 0.27 
ml/h and 4.5 ml/h for scaffolds with 35% and 90% of 
porosity respectively. To introduce carboxyl groups on 
PCL, scaffolds were plasma treated. Later on, sacrificial 
fibers were removed by immersing in ethanol 90% for 
3 days.  
Total porosity was calculated by using the fallowing 
equations30-34. 
(1) Porosity = (1-
Nanofiber mat apparent density 
Bulk density of scaffold
)× 100 
(2) Nanofiber mat apparent density = 
(
Nanofiber mat mass
Nanofiber mat thickness×Nanofiber mat area
) 
Grafting electro-spun scaffolds: Hydroxyapatite 
nanoparticles (nHA, 200 nm particle size, ≥97 
Percentage, synthetic, Sigma) and collagen type 
1(Bovine PureCol®,) were covalently bonded to hybrid 
PCL/PEO electrospun scaffolds. Procedure was carried 
out through the following steps: Electrospun scaffolds 
were incubated for 1 hour in water soluble carbodiimide 
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(2.5mg/ml) which was prepared by solving N-
hydroxysuccinimide (NHS) and 1-ethyl-3-(3-
dimethyaminopropyl) carbodiimide hydrochloride 
(EDC) in 2-morpholinoethanesulfonic acid 
monohydrate buffer(MES). Amine group was 
introduced to nHA using the coupling agent 3-
aminopropeyl triethoxysilane (APTES). nHA 
immersed in APTES-distilled water (dw) solution 
(1:9) and kept at 95°C for 2 hours. nHA was added to 
electrospun scaffolds and kept for 1 hour at 4°C. 
Scaffolds were rinsed thoroughly, and incubated with 
EDC/NHS solution in MES buffer for another 2 hours 
at 4°C. Then samples were washed with dw and 
incubated overnight in Col I solution. Collagen 
solution (1.5 mg/mL) was prepared by diluting the 
PureCol® collagen solution in MES buffer. Scaffolds 
were then washed 8 times and each time for 5 minutes 
with phosphate buffer saline to remove any 
noncovalent bonded collagen. Substrates, which are 
described as H35phy and H90phy, were not treated by 
EDC/NHS.  
SEM visualization and EDS mapping were used to 
characterize the nHA-grafted scaffolds. To evaluate 
collagen type 1 grafted via two different methods (just 
physical adsorption or by covalent boding), scaffolds 
were stained with trichrome. Collagen fibers were 
stained blue.  
Cell culture studies: Human bone marrow-derived 
mesenchymal stem cells (hMSCs), (kindly donated 
from Stem Cell Technology Research Center), were 
cultured in high glucose growth medium 
(DMEM,Gibco) supplemented with 10% fetal bovine 
serum (FBS,Gibco), 1% fungizone and 1% 
penicillin/streptomycin (Gibco) in a humidified 
atmosphere with 5% CO2 at 37°C. All cells were used 
before passage 4 for all the experiments. 
The Scaffolds were sterilized using filtered 70% 
ethanol and seeded at a density of 15×103 cells /cm2. 
After 48 h, normal medium was replaced with 
osteoinductive medium, which was prepared according 
to the protocol containing 10 mM β-glycerophosphate 
(Merck), 50 mg/mL L-ascorbic acid 2-phosphate 
(Sigma) and 10-8 M dexamethasone (Sigma). 
The cell proliferation on the scaffolds was examined by 
using the colorimetric MTT assay which is based on the 
mitochondrial conversion of MTT (3-(4, 5-
dimethylthiazol-2-yl)-diphenytetrazolim bromide to 
purple formazan crystals. After culturing the cells for a 
period of 1, 3, 7, 14 and 21 days the assay was 
performed in triplicate. Samples were incubated with 
MTT solution for 4 hours. Dimethyl sulfoxide was 
added to dissolve the formazan crystals. Absorbance 
was read at 570nm using an ELISA reader. 
To evaluate cell proliferation on scaffolds using a 
fluorescent method, they were stained with 4', 6-
diamidino-2-phenylindole on 1st, 14th and 21st days after 
cell seeding. Cells were then imaged using a fluorescent 
microscope. 
Morphology of the samples and the cell attachment 
were evaluated at 1, 14 and 21 days of culture by 
scanning electron microscopy (SEM). The SEM images 
were captured using an accelerating voltage of 25   kV 
and working distance of 13.  
Alizarin red staining: Alizarin Red-S is a dye that is 
able to bind to calcium salts selectively and the staining 
assay were performed to determine matrix maturation 
and mineralization. At day 21 of culture, scaffolds were 
washed twice with PBS and fixed with 
paraformaldehyde for 25 minutes at 4°C and 5 minutes 
at room temperature. The fixed samples were stained 
with 2% Alizarin red S (Sigma) for 5–10 min at room 
temperature. Finally, the cells were washed again with 
PBS for three times and depicted by inverted light 
microscope. 
Table 1: Primers list of osteogenic markers. 
Gene Primer sequence  
Collagen type I F: 5′- TGCTTGAATGTGCTGATGACAGGG -3′ 
R: 5′-TCCCCTCACCCTCCCAGTAT-3′ 
RUNX2 F: 5- CTGAGGTAACTTGCTAACG -3′ 
R: 5’-ATCAATACACTAAGAAATGTTTCAAGG -3′ 
Osteocalcin 
 
F: 5′- CTCTGCCTTAAACACACATTG -3′ 
R: 5′- TTCCCTTTGCCCACCTC -3′ 
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Alkaline phosphatase assay: As an early marker of 
osteogenesis of stem cells, ALP is an assessment of 
interest. Briefly, the method utilizes p-nitrophenyl 
phosphate (pNPP) that is converted by ALP to an 
equal amount of colored p-nitrophenol (pNP), a 
soluble yellow end-product measurable at 405 nm 27. 
At day, 1, 7, 14 and 21 the assay was carried according 
to Pars Azmun ALP kit. The experiment was carried 
out in triplicate and the results were normalized using 
micro Bicinchonic acid (BCA) protein assay kit 
(Pierce BCA: Thermo Scientific) fallowing the 
manufacturer's protocol. 
Calcium content: At day 1, 7, 14 and 21 scaffolds 
were washed with PBS and transferred to 
microtubes.1  ml of HCL 0.6 N was added to each 
microtube. Reagents were mixed in accordance with 
Pars Azmun Calcium (CPC) kit instruction and 
absorbance was read using an ELISA reader at 570nm. 
The experiment was carried out in triplicate.  
Real-Time PCR analysis: hMSCs were seeded on 7 
different substrates: TCPS, Plasma treated PCL, H35 
physical, H35 covalent, H90 physical and H90 
covalent. After 7 and 14 days of osteogenic 
differentiation, total RNA was isolated according to 
the manufacturer’s protocol (Fermentas, Thermo 
Fisher Scientific). RNA concentration was determined 
by absorbance at 260 nm, where an equivalent amount 
per of RNA (0.5 µg/group) was reverse transcribed 
into cDNA. Real-time PCR assays were performed by 
ABI sequence detection system (Applied Biosystems, 
Foster City, CA, USA). The primers for Runt related 
transcription factor 2 (RUNX 2), osteocalcin and 
Collagen type I (Col I) were synthesized by Fermentas. 
The results reported are representative of three 
independent experiments. Bone specific primers are 
listed in Table 1. 
Statistical analysis and image processing: To verify 
whether the detected differences between the study 
groups were statistically significant, a two-tailed 
homoscedastic t-test was applied A value of p < 0.05 
was considered to be statistically significant, while 0.05 
< p < 0.10 was regarded as a non-significant, but clear 
trend in cell or tissue response. Values are reported as 
the mean ± one standard deviation. 
Results 
Morphology and structure of the scaffolds: As it was 
mentioned earlier, Col I and nHA were incorporated to 
the scaffold via two methods; by physical adsorption 
and covalent bonds, which were through using 
EDC/NHS and APTES as coupling agents. To verify 
the presence of nHA and Col I and to show how 
effectively they were grafted via covalent bonding, 
SEM images and their corresponding EDX mapping 
images for calcium and phosphor as well as trichrome 
  
 
Figure 1. Selected SEM images and their corresponding EDX mapping images of nanofibrous scaffolds;(a) covalently nHA grafted PCL 
scaffold and (b) physically nHA adsorbed PCL scaffold, (c) covalently Col I grafted PCL and (d) physically Col I adsorbed PCL scaffold. 
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staining were used. SEM images and the 
corresponding EDX mapping show the homogenous 
distribution of HA nanoparticles on the surface of the 
electrospun scaffold, which was grafted by using the 
coupling agents. Trichrome staining showed more Col 
I stained area on covalently bonded structures (Figure 
1). 
Characterization of fibers and scaffolds: Since the 
structure and morphology of the electrospun scaffolds 
plays an important role in stem cells fate, it was studied 
thoroughly via SEM images as are shown in figure 2. 
Image (A) shows the PCL plasma treated scaffold with 
the average fiber diameter of 250±7 nm ranging from 
150 to 550 nm and average pore size of 350 nm2.  Figure 
2 also shows the micrograph images of H90 and H35, 
which are they hybrid scaffolds with 90% and 35% of 
PEO fibers served as sacrificial fibers. In H90 scaffolds, 
average fiber diameter was estimated to be 500±15 nm 
with diameter ranging from 200-700 nm and average 
pore size of 7µ2 (figure 2B). In figure 2C electrospun 
PCL scaffold is showed with   average fiber diameter of 
700±20 nm ranging from 200 to 1200 nm and average 
pore size of 1.8µ2.  
Figure 3 shows the SEM image of cells- nanofibrous 
scaffolds interaction after 14 days. Image 3A shows 
PCL scaffold in which cells seemed to be poorly 
attached. Image 3B shows PCL scaffold with covalently 
bonded nHA and Col I (PCL covalent), showed better 
cell spreading. Image 3C is the hybrid scaffold with 
35% of porosity which nHA and Col I were just 
physically adsorbed on the scaffolds (H35physical). 
Better cell adhesion and mineral compounds could be 
observed. Image 3D is the hybrid scaffold with 35% 
porosity that nHA and Col I were covalently bonded to 
the fibrous structure using appropriate coupling agents 
(H35Covalent). More nano particles could be seen on 
the scaffold. Image 3E is the hybrid scaffold with 90% 
 
 





Figure 3. SEM images of the scaffolds after 14 days of cell culture. 
A) PCL, B) Covalent PCL scaffold, C) H35physical, D) H35Cov, 




Figure 4. Fluorescent microscopy images of the scaffolds. A) 
PCL B) H90Physical          C) H90 Covalent. 
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porosity nHA and Col I were just physically adsorbed 
on the scaffolds (H90 Physical). Better cell attachment 
and spreading was seen. Image 3F is the scaffold with 
90% porosity and covalently bonded nHA and Col I 
1(H90 covalent). More nano particles remained 
attached to the scaffold through rinsing and cell 
culture media changes.  
Fluorescent microscopy analysis was used to confirm 
the cell attachment on scaffolds. Figure 4 shows the 
scaffolds after 14 days of cell culture. Cells were 
attached well enough on the scaffolds to stand the 
stresses. Cells in both control (PCL scaffolds) and 
functionalized scaffolds were found to exhibit good 
spreading and proliferation.  
In vitro studies:  
Cytotoxicity test: The MTT assay, as a rapid and 
standardized way to determine cells viability and 
material contains significant quantities of biological 
harmful extract was used to evaluate the cell viability 
and proliferation on the fibrous scaffolds. Figure 6 
shows the MTT results of the samples. PCL scaffold 
was considered as the control sample (Δ) and the 
scaffold with tailored porosity and modified surface 
were studied as test samples. No cytotoxicity was 
observed. All scaffolds showed increase in number of 
cells up to day 14 and then a decrease was observed. 
Average cell number is at its highest on day 14. 
Alizarin red S staining: The assay was used to stain the 
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intracellular Ca as well as the Ca-binding proteins and 
proteoglycans in a chelating process35. Figure 7 
depicts images of the alizarin red stained scaffolds 
after 21 days of cell culture. Darker areas represent 
alizarin red staining which means mesenchymal stem 
cells were able to differentiate into osteogenic lineage 
and mineralize. Image (A) shows cells on TCPS. The 
image shows that there is just one main mineralized 
region almost in the center of well and some spots 
around.  Image (B), shows PCL scaffold. Mineralized 
areas are formed like small and scattered spots almost 
all over the scaffold. In image (C) H35 physical, 
mineralized areas were still formed in dot like shapes. 
In image (D) H35 covalent, mineralized regions are 
formed in bigger zones. In Image (E) H90 physical, 
calcium deposition was in few thick lines across the 
scaffold. Image (F), which represents H90 covalent, 
calcium containing regions were large enough that were 
able to integrate and represent connected areas of 
differentiated cells. The differentiation of MSCs into 
osteoblasts is associated with mineralization leading to 
the deposition of calcium in cytoplasm37.  
Calcium content: To measure ECM calcium deposits 
for bone nodule formation, the accumulated Ca in the 
secreted ECM of the osteoblasts as well as Ca-binding 
proteins and proteoglycans was quantified using the Ca 
content kit and reported in figure 8.  
TCPS results indicated that Ca content increased 
continuously during 21 days of differentiation. PCL 
scaffold decreased in the first 7 days of the culturing 
 
 
Figure 7. Photomicrographs of alizarin red staining of calcium deposition A) tissue culture polystyrene, B) Plasma treated PCL, C) H35 
physical, D) H35 covalent, E) H90 physical, F) H90 covalent after 21 days of osteogenic differentiation. 
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period but increased from day 7 to day 21.  PCL 
covalent showed the same trend as PCL but the Ca 
content values were higher. Sample 4, H35 covalent 
also showed the same trend during the 21-day cell 
culture but the amount of Ca was higher than the 3 
previous samples. Ca content of H35 physical also 
fallowed the same pattern as the earlier mentioned 
scaffolds. However, H90 covalent showed a different 
tendency. Total calcium content increased from day 1 
to day 14 of the culture then the values seemed to reach 
a plateau. The scaffold had the highest Ca content 
values. H90 physical showed the same trend as the first 
4 above scaffolds. Although the numbers were higher.  
Alkaline phosphatase assay: ALP secretion as an 
early-stage marker of osteogenic differentiation was 
regarded as a critical test among the various biological 
 
 
Figure 8. Ca content of the substrates of bone marrow mesenchymal stem cells, on 1st, 7th, 14th and 21st day of osteogenic differentiation. The 
results given are representative of three independent experiments. (considering TCPS as the control, the change in Ca content of all the 




Figure 9. Alkaline phosphatase (ALP) activity of bone marrow mesenchymal stem cells, on 1st,7th, 14th and 21st day, during osteogenic 
differentiation. The results given are representative of three independent experiments. (considering TCPS as the control, the change in ALP 
activity of all scaffolds except H90cov and H90phy where significant, p≤0.05). 
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assays to estimate the activity rate of osteoblasts in the 
scaffolds36. 
As figure 9 shows, cells on TCPS showed an 
increasing tendency during the induction time. Sample 
2, PCL as well as sample 3, PCL covalent showed an 
increase of ALP activity from day 1 to 7, then a 
decrease until the end of differentiation period. The 
trend changed as ALP activity of H35 covalent, H35 
physical and H90 physical were studied. The increase 
in ALP activity continued to 14th   day of the assay and 
then the activity decreased. As cells on H90 covalent 
were studied, results indicated that ALP actvity 
increased continuously during 21 days of 
differentiation.  
Real-Time polymerase chain reaction: To investigate 
the effects of chemical and physical structure of the 
scaffolds on osteogenesis process, the relative 
expression of four important osteogenic related genes 
 
 
Figure 10. Relative expression of Col I, RUNX 2 (Runt-related transcription factor 2) and Osteocalcin (bone gamma-carboxyglutamic acid 
containing protein) of bone marrow mesenchymal stem cells, on 7 th and 14th    day, during osteogenic differentiation. The results given are 
representative of three independent experiments (Changes in osteogenic gene expression on day 7th and 14th of the scaffolds were significant, 
p≤0.05). 
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was studied at 7 and 14 days after cell seeding. The 
RT-PCR results showed that osteogenic related genes 
were detected in the culture system. The levels of gene 
expression (quantified by relative expression using the 
housekeeping gene β2M as a control) in the scaffolds 
after 7 and 14 days of culture are shown in figure 10. 
At day 7 no sample had a high expressiong of Col I 
but it upregulated at day 14. The expression of RUNX 
2 also increased at day 7 and 14, only in H35 physical, 
it showed lower levels of expression at day 14. All 
samples showed higher levels of Osteocalcin 
expression at day 7 than day 14 of the differentiation 
period. 
Discussion 
SEM images as well as EDX mapping verified 
successful formation of covalent bonds between 
nanofibers and HA nanoparticles which would 
hopefully work in the benefit of better cell recognition 
and differentiation during the cell culture period. 
Since nanofibers provided nanoparticles with bonding 
sites –activated carboxyl groups- they had the 
opportunity to penetrate into the scaffold (Figure 1.a), 
as better infiltration is one of the main aim of this 
study. nHA which were physically adsorbed to the 
scaffold couldn’t last through the washing process 
(Figure 1.b) and the poorly attached residual 
nanoparticles would be washed away during the cell 
culture period. Therefore, they cannot be a suitable 
and supporting substrate for cellular demands. The 
same trend was observed for trichrome stained 
scaffolds. 
Figure 2 image (A) showed a dense scaffold of 
beadless fibers with smooth surface and no merging 
on cross sections, which would later prevent cellular 
infiltration. Morphological characteristics of scaffolds 
will be studied thoroughly in further papers. As 
porosity of PCL scaffold was analyzed in a recently 
published study37.    
Cells poorly attached to the surface of the dense 
structure of PCL scaffold, which showed no sign of 
cell, infiltrate due to small pores. PCL covalent 
showed better cell attachment and spreading because 
of the minerals and biomolecules on the surface, 
which supply cells with bioactive sites. H35 covalent, 
had better cell interaction due to nHA and Col I and 
improved porosity. However, no cell infiltration was 
observed. On H35 physical and H90 covalent, nHA was 
mainly washed away during rinsing process or 
changing the cell culture media. nHA and Col I could 
stand the rinsing and changing media on H90 covalent 
helping the sample with better cell attachment and 
spreading. Tailoring the porosity was effective, since 
better cell infiltration was observed on image E and F. 
Images of the DAPI stained scaffolds were as an 
indicative of biocompatible environment of the 
samples38. This may also be due to Col I and calcium 
present in the composition which played a critical role 
in mediating the better cell proliferation52,53. In 
scaffolds with 90% of porosity, cells not only adhered 
to the surface of the fibrous nanolayer but also were 
able to infiltrate through the network of nanofibers. In 
these scaffolds, photos could not be taken with all the 
cells in good clarity. That is because cells were not just 
on the surface of the scaffolds. This was not observed 
in other scaffolds with less porosity. 
Since better cell infiltration was one of the main aim of 
this study, three groups of scaffolds were studied. PCL 
scaffolds had dense structure; further porosity was 
added to the scaffolds by using PEO fibers, as sacrificial 
fibers (35% more porosity comparing to PCL scaffolds) 
and the third group was PCL scaffolds with 90% 
porosity, which was provided by PEO, removed fibers. 
Only SEM images of the third group showed that cells 
were able to go through the pores and infiltrate into the 
fibrous scaffold (figure 5A-B). 
Focusing on cell proliferation, the increase in cell 
number until 14th day of culture could be interpreted as 
rise in cell differentiation. Augmented differentiation 
after day 14 could be the beneficial effect of covalent 
bonding between biomolecules / minerals and 
nanofibrous structure, such as H90 covalent scaffold.  
Since the decline in OD values after 14th day was 
interpreted as a sign of increase in osteogenic 
differentiation, higher porosity of the scaffolds and 
biological and mineral molecules engraftment to the 
substrates, were appropriate for both the cell 
proliferation and osteogenic differentiation. Figure 6 
showed significant increase in cell number at 3, 7 and 
14 days after cell culture. This may be due to collagen 
and calcium containing compound present in the 
composition, which played vital role in regulating the 
better cell proliferation. In addition, the proliferation 
might be mediated by activating the intercellular 
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proliferative mechanism in osteoblasts for 
reconstruction of the defective site of the bone39.  
As it was depicted in Figure 7, mineralized area in 
TCPS, was mainly limited to a circular region. 
Although TCPS is a very common substrate to culture 
cells, it has no resemblance to fibrillary structure of 
ECM. Although cell seeding efficiency is higher on 
TCPS and there is no risk of losing cells slipping into 
the sides-unlike seeding cells on electro-spun 
scaffold- it was not able to meet cellular needs 
structural and also component wise. This means, 
TCPS had no fibrous arrangement as it was earlier 
mentioned, and it could not supply MSCs with 
calcium reservoir nor any biological cues. Cells on 
such substrate can only proliferate in one dimension 
and after reaching a certain confluence they might 
detach from the plate and will not be able to form any 
3D structure. Small and scattered alizarin red stained 
regions in image (B), which shows the PCL sample, 
means that mineralization was not limited to a few 
areas. However, mineralized area are so small that are 
more like scattered dots on the electro-spun scaffold. 
In image (C) mineralized areas are observed as small 
spots on the scaffold. Comparing to image (B), better 
mineralization could be due to presence of nHA and 
Col I, however PCL scaffold had dense structure, and 
the porosity percentage (35%) was not sufficient for 
cells. Bigger mineralized regions in image (D) 
confirmed that MSCs were able to differentiate to 
osteogenic cells and cover the scaffold more, 
comparing to previous samples. Covalently 
functionalized surface by biomolecules and minerals 
were able to enhance osteogenic differentiation.  In 
image (E) with integrated areas of differentiated cells, 
thanks to higher porosity of the scaffold, cells were 
able to attach and proliferate better which means more 
cell contact that is an important parameter for 
successful cell differentiation with higher yield. Since 
cell differentiation is highly contact dependent it is 
very important that cells can spread efficiently on and 
through the nanofibrous structure. The structure in 
image E, supplied MSCs with an appropriate 
substrate, resembling tissue specific extracellular 
matrix in both structure and composition. Image (F) 
shows that cells were able to mineralize in smaller 
areas, and in spite of appropriate porosity of the 
scaffold, it was not able to perform as a suitable 
substrate as sample (E). 
Covalent bonding and functionalizing of the substrates 
worked together in the favor of cells attachment, 
proliferation and consequently differentiation.  Figure 
9, confirmed that the ALP activity of BMSCs increased 
with time throughout the test period. Since bone healing 
is a long process, this would be significantly one of the 
desired characteristics of H90cov scaffolds to be 
considered in bone tissue engineering27. 
The osteoblast differentiation and mineralization is 
reflected in the activation of osteoblast differentiation 
marker genes as well as depositions of calcium 
molecules, which promote the ECM formation. 
Covalently grafted col I/nHA and improved porosity of 
H90 covalent effectively enhanced bone differentiation 
and produced the highest level of osteocalcin on 7th 
day. Meanwhile, the highest expression of Col I and 
Runx2 was noted after 14 days of culture. The 
expression levels of major transcription factor for bone 
Runx2, differentiation marker genes Col-I and 
osteocalcin were upregulated in presence of osteogenic 
stimulant compared to absence of osteogenic 
stimulant40-43. RT-PCR data confirmed that osteogenic 
differentiation of BMSCs was superior in scaffolds with 
enhanced porosity as well as covalently containing 
osteoinductive collagen type I and osteoconductive 
nHA. 
Conclusion 
The regeneration of fractured bones by tissue 
engineering is hugely dependent on the application of 
stem cells in combination with bioactive scaffolds. 
Commitment of MSCs to a particular lineage depends 
on intracellular and extracellular cues to guide 
differentiation. The synergistic effects of enhanced 
scaffold porosity increase the adhesion, proliferation 
and infiltration of osteoblast cells on the scaffold and 
nHA. Scaffold has a crystalline structure similar to bone 
mineral phase and is considered as “gold‐standard” for 
osteoconductive scaffolds, as well as collagen type I, 
which has direct impact on increased cell adhesion and 
ALP activity due to increased calcium deposits 
production and thus, increased matrix mineral level. 
Scaffolds with higher porosity showed higher rate of 
cellular proliferation and more stable trend of 
mineralization and ALP as the results of Ca content, 
MTT and ALP assay showed.  Unlike physical bonded 
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Col I and nHA, covalently bonded Col I and nHA were 
able to contribute to osteogenic differentiation of 
MSCs until the end of culture period. This is a very 
important since bone healing is a relatively time 
consuming process. Scaffolds with higher porosity 
and covalent bonding with the biomolecules and 
biominerals showed higher expression of osteogenic 
genes. Covalent bonding also helped PCL scaffold to 
have a relatively higher gene expression in absent of 
sufficient porosity. As it was seen in RUNX2 
expression, covalent bonding played a more critical 
role in the scaffolds with lower porosities. The results 
ultimately helped to emerge osteogenesis of BMSCs 
and osteogenic differentiation and obtain the desired 
mineral matrix, confirming that the aforementioned 
nano fibrillar structure has the essential criteria to be 
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